R esveratrol (3,5,4'-trihydroxystilbene), a plantderived polyphenol and activator of the mammalian sirtuin, SIRT1, has demonstrated promising effects on glucose metabolism in rodent models (1). However, despite the widespread use of resveratrol as a nutritional supplement and the many health claims made on its behalf, data from human studies are extremely limited. Here, we explore why, in contrast to many studies in mammalian models, the article by Poulsen et al. (2) in this issue of Diabetes reports that chronic high doses of resveratrol have no demonstrable metabolic effects.
R esveratrol (3,5,4'-trihydroxystilbene), a plantderived polyphenol and activator of the mammalian sirtuin, SIRT1, has demonstrated promising effects on glucose metabolism in rodent models (1) . However, despite the widespread use of resveratrol as a nutritional supplement and the many health claims made on its behalf, data from human studies are extremely limited. Here, we explore why, in contrast to many studies in mammalian models, the article by Poulsen et al. (2) in this issue of Diabetes reports that chronic high doses of resveratrol have no demonstrable metabolic effects.
Interest in resveratrol has skyrocketed in recent years, initially from its association with the health benefits of red wine (the "French paradox") and its in vitro anticancer activity (3) . Subsequent reports demonstrated that it activates sirtuins and extends the life span of lower organisms ("calorie restriction mimetic"), including rodents (4) . Studies in vitro show that resveratrol enhances insulinstimulated glucose uptake in skeletal muscle, liver, and adipocytes (5,6) and stimulates insulin secretion via inhibition of b-cell K ATP channels (7). These observations have been confirmed in vivo in several animal models, including aging, diet-induced obesity, and diabetic (db/db) mice (4, (8) (9) (10) . Importantly, key metabolic effects of resveratrol can be monitored in relevant tissues (muscle, fat, and liver), thus providing critical insight into mechanisms. These effects include increased mitochondrial biogenesis and oxidative phosphorylation, increased SIRT1, AMP kinase and PGC-1a activation, and decreased inflammatory markers in tissues.
Available data from human resveratrol studies have largely been limited to short-term pharmacokinetic or toxicology studies. However, recently a few studies exploring the cardiometabolic effects of resveratrol have been published (11-13). Timmers et al. (11) reported improvement in a variety of metabolic parameters in a small group of obese middle-aged men treated with resveratrol (150 mg/day) for 30 days. These included increased metabolic rate, improved insulin sensitivity, and reductions in hepatic fat and markers of inflammation. In skeletal muscle, mitochondrial function was increased, as were activated AMPK and levels of SIRT1 and PGC-1a. Another study (12) reported improved glucose tolerance and insulin sensitivity in older adults with impaired glucose tolerance (IGT) at doses of 1,000-2,000 mg/day for 4 weeks. These human studies, in a wide range of doses, have been consistent with observations from animal models in showing the positive effects of resveratrol on glucose metabolism.
In the study by Poulsen et al. (2), obese men (mean age w35 years) were treated with resveratrol 1,500 mg/day or placebo for 4 weeks. Surprisingly, a comprehensive and scientifically rigorous set of procedures designed to assess effects on in vivo insulin sensitivity, energy expenditure, and body composition and on in vitro analysis of tissues, including gene expression, AMPK phosphorylation, inflammation, and oxidative stress, failed to show any evidence of an effect. This study has a number of strengths, including the performance of a wide array of metabolic tests, application of "gold standard" methodology (euglycemic clamp, gene arrays, NMR spectroscopy, etc.), and the selection of a moderate-to-high resveratrol dose that would be most likely to demonstrate benefit, if such exists. However, the failure of these exhaustive tests to detect even a hint of resveratrol effect suggests the possibility of one or more fundamental limitations in the study design. First, evidence suggests that resveratrol works in metabolically compromised states (4, (8) (9) (10) . The relatively young subjects in this study were obese, but were not selected on the basis of glucose intolerance and, according to HOMA-IR (a test with known limitations), were at most mildly insulin resistant. As pointed out by the authors, these individuals may have been "too metabolically healthy" to benefit from resveratrol. Other studies in young lean (14) or nonobese middle-aged subjects with normal glucose tolerance (15) also failed to demonstrate significant metabolic effects of low-to-moderate resveratrol doses. Likewise, studies in lean rodents treated with resveratrol have also failed to detect any benefit on metabolism or life span with resveratrol (16, 17) . Second, questions remain about the quality and bioavailability of resveratrol. Commercially available resveratrol preparations, considered as food supplements, are not subject to the regulatory oversight required for pharmaceuticals. In a separate pilot study, the authors provide evidence that the resveratrol preparation used in their study can be absorbed and detected in the plasma following oral administration, but plasma levels were not measured during the main study. The presence of urinary resveratrol metabolites provides reassurance that some resveratrol was consumed, but in the presence of overwhelmingly negative results, specific quantification of plasma levels would be helpful. Lastly, since resveratrol is rapidly cleared from plasma and has a t 1/2 of w2.5 h (18), it is possible that the metabolic tests were performed too long after the last resveratrol administration, resulting in lack of effect or possibly even a "rebound" worsening of metabolic parameters.
The many challenges to the translation of resveratrol's promising preclinical data to careful human studies were recently reviewed (19) and include issues related to dosing, toxicity, drug interactions, lack of the U.S. Food and Drug Administration (FDA) oversight, and inadequate funding. Despite initial enthusiasm, resveratrol has largely been abandoned by the pharmaceutical industry, although the reasons (scientific vs. economic) have not been made public and results of some completed clinical trials were never published. In this context, a well-done but ultimately negative study can be highly informative and can advance the field. One lesson from this experience is that future studies should be conducted in subjects with a defined metabolic defect, particularly the patient population for which the compound might have clinical utility. The issue of appropriate resveratrol dose also requires additional study. Doses used in animal (5-500 mg/kg/day) and human studies (5-5,000 mg/day) have varied widely, and not enough is known about the dose-response relationship. Price et al. (20) recently demonstrated that different doses of resveratrol can elicit different responses, with lower resveratrol doses (w30 mg/kg/day) increasing SIRT1-dependent AMPK phosphorylation and higher doses (w300 mg/kg/day) working via a SIRT1-independent mechanism (Fig. 1) . Whether this has relevance to the so far inconsistent findings in human resveratrol studies needs to be explored. Other unknown factors that may affect resveratrol efficacy, such as role of race, sex, and age, also need further study. We predict that in metabolically compromised individuals (e.g., insulin resistance or aging) effects of resveratrol may be seen in numerous tissues and will be associated with clinically apparent metabolic benefits.
